Background: Several studies have shown the association of solute carrier family 30 (zinc transporter) member 8 (SLC30A8) rs13266634 with type 2 diabetes (T2D). However, the association of alternative variants and haplotypes of SLC30A8 with T2D have not been studied in different populations. The aim of this study is to assess the association of the alternative SLC30A8 variants, rs7002176 and rs1995222 as well as the most common variant, rs13266634 and haplotypes with glutamic acid decarboxylase antibodies (GADA) negative diabetes in Malaysian subjects. Methods: Single nucleotide polymorphisms (SNPs) of SLC30A8; rs7002176, rs1995222 and rs13266634 were genotyped in 1140 T2D and 973 non-diabetic control subjects. Of these, 33 GADA positive diabetic subjects and 353 metabolic syndrome (MetS) subjects were excluded from subsequent analysis. Results: The recessive genetic model controlled for age, race, gender and BMI shows that the alternative SLC30A8 variant, rs1995222 is associated with GADA negative diabetes (OR = 1.29, P = 0.02) in Malaysian subjects. The most common variant, rs13266634 is also associated with GADA negative diabetes (OR = 1.45, P = 0.001). This association is more pronounced among Malaysian Indians (OR = 1.93, P = 0.001). Moreover, the CG haplotype and CG-CG diplotype have been equally associated with increased diabetic risk (OR = 1.67, P = 8.6 × 10 -5 ).
Background
Type 2 diabetes (T2D) is a serious public health problem with its prevalence rapidly increases globally. In the next two decades, Asian countries will be hit hardest, particularly China and India where the diabetic populations will more than double [1] [2] [3] . In Malaysia, more than 2.1 million of the adult population have diabetes (11.7%) [3] . T2D is a complicated metabolic disorder, characterized by insulin resistance and/or pancreatic β-cell dysfunction resulting from both genetic and environmental factors [2, 4, 5] . Among T2D patients, latent autoimmune diabetes of adults (LADA) occurs in 2-12% of individuals [6] [7] [8] [9] .
LADA can be distinguished by the presence glutamic acid decarboxylase antibodies (GADA) in adult diabetic patients who clinically are similar to T2D subjects at diagnosis [7, [10] [11] [12] and are insulin independent for at least in the first six months [13] .
The interaction of a stable genetic background with the rapidly changing environment has resulted in rapid changes in the prevalence of T2D observed over recent decades [14] . Insulin resistance has been proposed to be a major driver of progression to T2D. However, most of the validated genetic variants are involved in β-cell function. The genome-wide association studies (GWAS) approach has dramatically increased the number of T2D susceptibility loci, expanding the list from five loci in 2007 to more than 60 loci in 2012. The association to T2D of more than 20 newly reported loci in Asians [15, 16] and Europeans [17] needs to be studied in other populations as well. A consistent association of T2D risk with variants of the pancreatic β-cell-specific zinc transporter gene SLC30A8 has been discovered in European subjects [18] [19] [20] [21] [22] [23] . This has been also reported in multiethnic case-control studies, including Asian [2, [24] [25] [26] [27] [28] [29] [30] [31] [32] , Arabian [33] , European [17] and American populations [34] . The link between impaired β-cell function and Zn transport activity by SLC30A8 has been reported in several studies [35] [36] [37] [38] [39] . The consensus is that SLC30A8 is crucial for insulin processing and secretion, and the major contribution of the SLC30A8 SNPs to T2D is mediated through defects in insulin secretion rather than action. The SLC30A8 gene encodes the ZnT-8 zinc transporter, which is exclusively expressed in pancreatic β-cells and co-localized with insulin-containing secretory granules [40, 41] . SLC30A8 variants impair islet ZnT8 expression, insulin secretion, or glucose homeostasis [39, 42, 43] . In addition, these variants are associated with the production of a less active zinc transporter protein, suggesting less efficiency of zinc accumulation and insulin crystallization [44] . ZnT-8 is thought to be a key protein for insulin secretion by regulating the homeostasis of zinc, which is an essential metal ion for insulin storage and secretion into intracellular vesicles [45, 46] .
Studies on the association of variants of the SLC30A8 gene with T2D have been concerned with the most common SNP rs13266634. However, the association of alternative SLC30A8 SNPs and haplotypes with T2D has not been studied in different populations. The aim of this investigation was to study the association of alternative SLC30A8 SNPs (rs7002176, rs1995222) and haplotypes with GADA negative diabetes, and further to replicate the association of the most common variant, rs13266634 in Malaysian subjects.
Methods

Subjects and data collection
This hospital-based case-control study was been conducted at the University Malaya Medical Centre (UMMC), Kuala Lumpur. Patients previously diagnosed with T2D (FPG ≥ 7.0 mmol/l), who attended the UMMC for treatment were invited to participate in this study (the case group). For the control group, subjects who were enrolled for general health screening at UMMC (FPG ≤ 6.1 mmol/l) were approached to participate in this study. GADA positive diabetic patients and metabolic syndrome (MetS) subjects were excluded from this study. Data collection for this study took place between 2009 and 2011. Details regarding the study design, including subjects, data collection, demographic parameters, biochemical analysis and quality control have been reported previously [47] . This study has been approved by the Medical Ethics Committee of University Malaya Medical Centre. A written informed consent was obtained from each participant in the study. 2 SNPs selection and genotyping SLC30A8 SNPs, rs7002176, rs1995222 and rs13266634 were been selected based on previous studies [18, 48] 
Results and discussion
The study included 1140 T2D and 973 non-diabetic control subjects. GADA positive diabetic subjects are classified as LADA since the genetic causes of this class of diabetes are similar to type 1 diabetes. To minimize variation among the diabetic group, the 33 GADA positive diabetic subjects were excluded from the study. Application of the new metabolic syndrome (MetS) criteria [49] on non-diabetic control subjects revealed that 353 subjects had MetS. Metabolic syndrome is a strong risk factor for diabetes which may affect the association study and Hardy-Weinberg Equilibrium. Hence, subjects in the control group with MetS were excluded from subsequent analysis. The metabolic and diabetic parameters were been significantly different between the target and control groups ( Table 1) .
1 Association of SLC30A8 SNPs with GADA negative diabetes SNPs of SLC30A8, rs7002176, rs1995222 and rs13266634 showed no deviation from Hardy-Weinberg Equilibrium in the control group (P-value = 0.36, 0.54, 0.40 respectively). The alternative SLC30A8 SNPs; rs7002176 and rs1995222 were evaluated in this study. The logistic regression model (adjusted for age, race, gender and BMI) for rs1995222 showed association (recessive genetic model, OR = 1.29; P = 0.02) with GADA negative diabetes in Malaysian subjects. This finding is in contrast with findings in Pima Indian [48] . However, the SNP rs7002176 showed no association with GADA negative diabetes, a finding which is in agreement with Rong et al. [48] . The finding of non-association might be explained by the differences in genetic background, genetic model used and ethnicities between the populations [17, 26] ( Table 2) . The most common variant, rs13266634 showed significant association with GADA negative diabetes in Malaysian subjects (recessive genetic model, OR = 1.45, P = 0.001). This finding is in agreement with previous studies in various Asian populations [2, [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, the association of this SNP with GADA was different for subjects of the three main Malaysian races (Malay, Chinese and Indian). The rs13266634 SNP was strongly associated with GADA negative diabetes among Malaysian Indian subjects (recessive genetic model, OR = 1.93, P = 0.001), but not with Malaysian Chinese and Malay subjects ( The results presented represent geometric means (95% confidence interval of the mean), which evaluated by ANOVA. Bolded values are significant. GADA: glutamic acid decarboxylase antibodies.
subjects, whereas, their finding among Singaporean Chinese and Indian subjects have shown no association. This discrepancy in association of this SNP with GADA among Asian populations might be due to the small sample size used in the analysis. In addition, the environmental risk profile, lifestyle, body composition and linkage disequilibrium patterns might be involved. Likewise, the association between rs13266634 in the SLC30A8 gene locus and susceptibility to T2D has been demonstrated in Caucasian populations [19, 20, 22, 23] . The rs13266634 SNP is a nonsynonymous Arg 325 → Trp 325 variant in the zinc transporter SLC30A8 [19, 50] . Since SLC30A8 encodes a zinc transporter expressed solely in the secretory vesicles of β-cells, and is implicated in the final stages of insulin biosynthesis involving co-crystallization with zinc [18] , its association with T2D is to be expected. Previous studies had suggested that the major contribution of the SLC30A8 SNPs to T2D was mediated through defects in insulin secretion rather than action [35] . However, neither of these SNPs showed an association with HOMA-β nor HOMA-IR (Additional file 1: Table S1 ). Similar outcomes have been reported in other studies [2, 26] . These conflicting results on the role of SLC30A8 in insulin secretion might be explained by the different genetic background between different populations. Moreover, other gene interactions, that may also have contributed in the metabolism and regulation of insulin activity [46] . 2 Association of SLC30A8 haplotypes and diplotypes with GADA negative diabetes Two-SNP haplotype and diplotype blocks (rs1995222 and rs13266634) with significant LD were identified (Figure 1 ). There was a significant linkage between SNPs rs13266634 and rs1995222 (r 2 = 0.20), although, the distance between the two SNPs is approximately 45 kb. This finding is similar to that reported in Europeans (r 2 = 0.19). However, SNP rs13266634 is near to SNP rs7002176, the distance between the two SNPs is approximately 2.7 kb, but there is no significant linkage between them. The haplotypes and diplotypes with frequency < 2% of the combined races were been excluded from subsequent analysis. The logistic regression model (adjusted for age, race, gender and BMI) showed that the haplotype CG and the diplotype CG-CG (containing the risk alleles of the SNPs) are equal risk factors for T2D in the combined races (OR = 1.67, P = 8.6 × 10 -5 ), and this risk is higher in diabetic Indian subjects (OR = 1.93, P = 0.001) ( Table 3 ). The haplotype (CG) and diplotype (CG-CG) showed a stronger association with GADA negative diabetes than single individual SNPs. This strength could be attributed to the possible epistatic interaction between these SNPs in determining overall risk of T2D. The haplotypes and diplotypes are not associated with GADA negative diabetes in Malay and Chinese subjects except the diplotype AC-AT is associated with protection against diabetes in Malay subjects (OR = 0.26, P = 0.0002) (Additional file 1: Table S2 ). The frequencies of haplotype GT and diplotype CG-GT are higher in Indian subjects without diabetes compared to Indian subjects with diabetes (OR = 0.51; 0.48, P = 0.008; 0.005, respectively) ( Table 3 ). This study is a hospital-based, and the sampling method is non-probability. Thus, the sampling Controlled for age, gender, race and BMI. The outliers (studentized residual is greater than 2.0 or less than−2.0) were excluded. GADA, glutamic acid decarboxylase antibodies.
for this study has limited its generalization to the whole Malaysian population. Sub-grouping of subjects according to races resulted in small sample size, which likely gives insufficient power to provide an evidence for association within the ethnic subgroups.
Conclusions
The most common SLC30A8 variant, rs13266634 is associated with GADA negative diabetes in Malaysian subjects, and this association is more pronounced among Malaysian Indian subjects. In addition, the alternative SLC30A8 variant, rs1995222 is significantly linked with rs13266634 (r 2 = 0.2) and shows a mild association with GADA negative diabetes. The risk of these SNPs is strengthened by the haplotypes and diplotypes containing the SNPs risk alleles.
